The conventional eigen-mode expansion method is a commonly used approach to compute Z-parameter of a rectangular planar circuit. However a double infinite series in the method limit its computation efficiency. This paper develops a novel convergence-accelerating algorithm to improve the efficiency, which is based on a trigonometric Fourier series formula and the η-algorithm. The trigonometric Fourier series formula transforms the double infinite series into a single one and the η-algorithm can accelerate the convergence of the single infinite series. The technique has high efficiency and good accuracy, which are testified by a numerical example.
I. Introduction
With the operating frequencies increasing and working voltage decreasing in high-speed digital systems, the model and design of Power/Ground (P/G) planes are becoming more and more critical. In order to develop a systematic P/G design strategy, the fundamental properties of P/G plane structures need to be explored.
The conventional eigen-mode expansion method is a commonly used approach to compute Z-parameter of a rectangular planar circuit. However the formula in the method involves a summation of a double infinite series, which may consume much time and computer storage to obtain sufficiently good accuracy. To improve the computation efficiency, this paper proposes a new convergence-accelerating algorithm, which is based on a trigonometric Fourier series formula [1] and the η-algorithm [2] [3] . The formula was first applied to the eigenmode expansion method in paper [4] , but it adopted another accelerating technique. The η-algorithm was first used to compute the Z-parameters of planar circuits in paper [5] [6], but it was directly applied to the 2-D case, which was difficult to be comprehended, and its computation efficiency was limited by the two series. In this paper, the double infinite series is first transformed into a single one by the trigonometric Fourier series formula and then the η-algorithm is adopted to accelerate the convergence of the single infinite series. The technique is easy to catch on and has high efficiency and good accuracy, which are testified by a numerical example.
The organization of this paper is as follows. The eigen-mode expansion method is introduced in Section II. Section III presents the new convergence-accelerating algorithm in detail. To prove its efficiency and accuracy, in Section IV the new technique is adopted to a example. Section V draws a conclusion.
II. Eigen-mode Expansion Method
Consider a plane pair structure, which consists of two metal planes of equivalent dimensions p×q and conductivity "σ", separated by a dielectric of thickness "h", permittivity "ε", permeability "µ" and loss angle "δ". Since p, q≫h and h≪ λ (the wavelength), the major field components are E z , H x and H y where "E" is the electric field, "H" the magnetic field and the subscripts represent the field directions. Since the edges of the plane pair can be treated as a magnetic wall, the impedance matrix at arbitrary ports on the plane can be obtained as
where
; σ u , σ v = 1 for u,v=0 and 2, otherwise; u and v are propagation modes; (x i ,y i ) and (x j ,y j ) are coordinates of the port locations; (t xi ,t yi ) and (t xj ,t yj ) are dimensions of the ports [7] - [12] .
In the eigen-mode expansion method, it can be seen that the eigen-mode expansion method involves numerical summation of the double infinite series in Eq.(1), which may lead to low calculation efficiency. To improve the computation efficiency, a new technique to accelerate the convergence of Eq.(1) is developed, which will be introduced in the next section.
III. Convergence-accelerating Algorithm
As stated in Section II, in the eigen-mode expansion method, in order to obtain precise results, the modes number should be included as many as possible, which need much calculation time and computer storage. In this section, a new technique is introduced to greatly improve the computation efficiency of Eq. (1) by changing the equations form and applying an extrapolation technique.
Since the dimension of ports has little impact on the results of Eq. (1), we can neglect them in the following discussion. According to the different value of σ u and σ v with different u and v, Eq. (1) can be decomposed into several parts as follows.
Literature [1] mentioned a Trigonometric Fourier series formula (3), which is not an approximate equation but a precise one.
Using Eq.(3), let m=u or v, Eq. (2) can be transformed into the following equation.
It can be seen that the double infinite series has been changed to a single one without deteriorating the accuracy. S u in Eq. (4) is a slowly convergent series whose convergence can be accelerated by an extrapolation techniqueη algorithm [2] 
The η algorithm is realized by transformation from one given series
with faster convergence speed through rhombus rules which is described as follows. Figure 1 presents the algorithm more clearly. 
IV. Numerical Results Fig.2 and Fig.3 testify the speed and accuracy of the new accelerating algorithm. Both figures come from the same plane pair structure whose dimension and parameters are shown in Fig.1 . The "terms number" in Fig.2 indicates "u" of Su for the new accelerating algorithm, while for Eq.(1) it denotes "u" or "v" (here u=v). It may be noted that, for the accuracy of 0.302 percent, the new accelerating algorithm needs only 21 terms for the frequency point 2.3GHz. However, to reach the same accuracy for the same frequency, u=v=365 (366×366 terms) is required for Eq.(1) at least. On the same computer (CPU 2.00GHz, 256MB of RAM), to compute the impedance magnitude at 491 frequency points from 100MHz to 5GHz, the new technique with 21 terms costs 0.813 seconds while the Eq.(1) with u=v=365 spends 275.313 seconds, which means that the proposed technique needs only about 0.3 percent of the computation time of Eq.(1) for the same accuracy. Fig. 2 shows that the results of the new accelerating algorithm agree well with those of Eq.(1) with u=v=500. In fact, the results of u=v=500 in Eq.(1) are very accurate since they are coincident with those of u=v=2000. Therefore, the new accelerating algorithm not only has high efficiency but also possesses good accuracy. 
V. Conclusion
To improve the efficiency of the eigen-mode expansion method, this paper develops a new convergenceaccelerating algorithm for faster computations of the Z-parameter of the rectangular P/G plane pair. By comparing with the direct eigen-mode expansion method, an example shows that the proposed technique can yield not only good accuracy but also a dramatic increase in computation efficiency.
